The D-serine transport system in Escherichia coli K-12 was studied by use of a mutant unable to form D-serine deaminase, yet resistant to D-serine. The mutant is greatly impaired in its ability to accumulate D-serine, D-alanine, and glycine. Transport of L-alanine is partially affected but transport of L-serine is unaffected. The mutant is also resistant to D-cycloserine, indicating that D-serine is transported by the system responsible for uptake of D-cycloserine. The D-serine transport system is not inducible, but appears to be formed constitutively, as are the transport systems of most amino acids. The transport mutation appears to be multistep and maps to the right of malB on the E. coli linkage map.
Sensitivity to a toxic analogue affords an opportunity for direct selection of permease mutants. Schwartz and co-workers found that mutants of E. coli W selected for resistance to D-serine were deficient in the uptake of glycine, L-alanine, and D-serine (11) . Curtiss and coworkers isolated mutants of E. coli K-12 resistant to D-cycloserine which were also permease mutants (5) . Using these mutants, Wargel et al. found that the system which transports Dcycloserine, D-alanine, and glycine is different from the main transport system for L-alanine (14) . These authors came to the same conclusions using competition studies (13) .
Kessel and Lubin used a combination of (i) glycine transport mutants and (ii) competition studies to demonstrate that glycine, D-alanine, and D-cycloserine are on the same transport system in E. coli W, and that L-alanine and D-serine appear to be transported by the glycine transport system but may have additional means of rapid access into the cell (6) .
Isolation of a D-serine-resistant, D-serine permease-defective mutant of E. coli K-12 made possible the present study of D-serine uptake and analysis of its transport system. MATERIALS AND METHODS Materials. Uniformly labeled '4C-L-serine (135 Ci/mol), "4C-L-alanine (120 Ci/mol), and "4C-glycine (10 Ci/mol) were purchased from Nuclear-Chicago Corp. Uniformly labeled "C-D-alanine ( All media utilized in this investigation have been described previously (8 (8) .
RESULTS
Transport of D-serine. Strain EM 1302, which harbors the permease mutation dagA, was isolated as a D-serine-resistant derivative of strain EM 1301 (dsdA). It formed no detectable D-serine deaminase and did not utilize D-serine as a nitrogen source, yet it grew well in minimal medium in the presence of 500 Mg of D-serine/ml. It was therefore suspected of being defective in D-serine uptake.
The transport of D-serine in this mutant was compared with that in a strain wild type with respect to the permease, EM 1401 ( Fig. 1) . Uptake of "4C-D-serine was rapid within the first few minutes of addition, followed by leveling off to a steady state. The rate of uptake of 10 Mg of D-serine/ml in the mutant strain was 5 to 10% of that in the control. At 100 Mg of D-serine/ml, the J. BACTERIOL. rate of uptake in the mutant was about onethird of the rate in the control. (1) and, notably, D-alanine and glycine (13) .
The Km values, taken from a mean of two determinations, are 8.95 4 0.95 x 10-6 and 1.2 + 0.2 x 10-4 M for the apparent "high" affinity segment and "low" affinity segment, respectively.
Accumulation of other amino acids. This laboratory's results were correlated with those of Wargel and co-workers (14) by examining the uptake of D-alanine and glycine at the concentrations they used. As illustrated in Fig. 3 , the rate of uptake of D-alanine was inhibited over 90% in EM 1302 as compared to the control. The accumulation of glycine in the mutant was similarly inhibited.
The rate of uptake of L-alanine was partially inhibited in strain EM 1302. At 10 Mg/ml, the uptake by the mutant attained only 40% of the rate in the control (Fig. 4) . The rate of uptake of L-serine was unaffected by the mutation ( In experiment I, 4C-D-serine was added to both strains, and at 30 s and 10 min samples were withdrawn. Measurements of uptake at 30 s gave initial rates, whereas 10 min gave steadystate values. In experiment II, the same procedure was followed, except that the cells were pretreated with 200 ,g of chloramphenicol/ml.
The uptake was similar in both strains and the results of experiment II were similar to those of experiment I, demonstrating that the rate of synthesis of the D-serine transport system is not under the control of dsdCx.
Experiments III and IV were performed to determine whether permease synthesis is induced by D-serine. The maximal rate of induction of D-serine deaminase in dsdA + dsdC+ strains growing in minimal medium was found to occur after 90 Mapping of the D-serine permease mutation. The dagA mutation in strain EM 1302 is similar to a D-cycloserine resistance mutation described by Curtiss and Wargel and their co-workers (5, 14) . EM 1302 appears to correspond to their most resistant multistep mutant which had also lost 90% of the transport activity for D-alanine and glycine. EM D-Cycloserine resistance is located near metB on the K-12 linkage map (12) . The location of dagA was determined by the following experiments (Fig. 6) . EM 1303, an ilv derivative of EM 1302, was used as a recipient in a cross with K 140 (HfrC metB ura), and ilv+ recombinants were selected. Among the recombinants, 42% were completely sensitive to D-serine, whereas 58% retained full or partial resistance. Of the completely sensitive recombinants, 92% were metB. One of the partially resistant recombinants was tested and was found to have an intermediate permease activity. However, introduction of HfrC genetic material appeared to alter the expression of D-serine resistance, since one of the apparently partially resistant recombinants was found to have a completely defective transport system. When the same recipient was mated with AB 312, whose direction of transfer is opposite to that of HfrC, 10% of the ilv+ recombinants were completely sensitive to D-serine, thus indicating that the dagA locus is to the right of ilv.
In an attempt to localize the permease genes, various F factors harboring genetic regions near ilv were introduced into EM 1302. The permease activity is apparently not carried on F14, which contains genetic material from argE to ilv, since not one of 100 ilv+ recombinants resulting from a cross between F14/AB1206 and EM1303 was D-serine sensitive. Similarly, a cross between EM 1304 and F10/JC1553 yielded no metB+ recombinants which were D-serine sensitive. Thus, unless dagA is dominant in dagA/dagA+ merodiploids, it is not carried on F10 or F14 and therefore lies just to the right of malB.
DISCUSSION
The permease system responsible for the transport of D-serine in E. coli K-12 also transports D-alanine and glycine. L-Serine is not transported by the system. Kaback (personal communication) has confirmed this independence of the D-and L-serine transport systems in E. coli ML by competition studies. The dagA system also accounts for part of the transport of L-alanine. This permease is apparently the same as the one described by Wargel et al. for D-cycloserine (13, 14) .
Curtiss et al. found that D-cycloserine resistance occurred in step mutations (5), the most resistant multistep mutation being the one with the most defective permease. Other D-serineresistant mutants isolated in this laboratory were of the less resistant, intermediate permease activity types.
EM 1302 appears to map to the right of metB, just outside the limits of F10, or in other words just to the right of malB.
D-Serine does not induce the synthesis of the D-serine transport system. In this respect, the D-serine permease is like that of most other amino acid transport systems, with exception of tryptophan which can also serve as a catabolite (2, 10). Ames found that histidine was taken up in Salmonella typhimurium by both specific histidine and general aromatic transport systems, and that a Lineweaver-Burk plot for histidine was characterized by two-line segments (1). Brown found that a general aromatic transport system with high affinity exists in E. coli in addition to lower affinity specific transport systems for tyrosine, tryptophan, and phenylalanine (3). Uptake of -serine at low o-serine concentration (10-' M) in EM 1302 was inhibited by 90%, whereas uptake at higher levels (10-3 M) was inhibited by only 70%. This could indicate a second low affinity specific transport system for D-serine, but it is more likely the result of a higher concentration of D-serine saturating the permease. Wargel et al. suggested that the phenomenon of a double-component Lineweaver-Burk plot, which they also found for glycine and D-alanine uptake, need not be considered as an indication of two components, but only as a characterization of the particular transport system (14) . More work, along the line of competition studies as performed by Brown (4) will have to be carried out before this problem is satisfactorily answered.
